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ening theory, the strain-bhardening
theory, and the life-fraction theory - are investigated ig an offort
to predict creep strains under cqguditions of verylug :‘xm;s from data
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tensile creep at constant end varying loeds.
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Iv. HOMESCIATURE

Ay &° constants
B consbaat exposent
¢ constant, C = %
i sonstant
- .mﬁtm% axponent
B syele nusher
a congtant sxponsnt )
(+] constant exponent
time, hr.
P 1 time increment, hv,
e constant exponent
e creep strsin, inch/ineh
2y constant, inch/ineh
g stress, ksi
o eonntant, ksl
Ga eguivalent rupture stress, kel
Subscripta;

2,8 ,8",8"" desiznstion of points in figure 1
154 jindex notation
R index aotation

r rapture



interest being shown in the cresp phencuwencr
tion has been published through the yeers dealing with the oreep
rupture and creep strain of & mititude of madterials under conditions
of constant tempereture and constent stress or losd, Much effort has

also bean expended in Gescribing the process of creep under such vosditions

both theoretically asnfd empirvicelly. However, in most cases of actual

service. stress and tewper
chtained under isotherms

ature vary, end in such ceses the use of dats

stendy load conditiops for design parposes
becopes questionsble.

Por this resscn the sttention of several investigetors (e.g., refs. 1
through 4) has recemtly been turned toward the problems of creep under

varying stresses spd tompersiures. Creep tests under cuch conditions

fall imto three categories: constant stress, verisbls teumpervature Hesis;

 counstant temperature; aliorneting stress tasts - comsonly referred 4o o

elovated tempersture faligue; snd constant tempey
teato in vhich the cycle frequeacy is low enough to allow the exclusicn
of fatigue conslderstions. Some lavestigators bave copducted tests

sbuse, oyclie strese

in which both stress and tesperature were veried slmmlidesecusly

4iffiouity of apsliyzing date from such teste is lumediate

Thin thesis reports on & deries of oreep tests conduchted at the
Bationa) Aeronmutios and Spesce Administration on strips of 202473
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cyelic tensile loads. The date cbisined are presented end compared
with theoretical creep strain and rupture caleulations beped oo date
chtained at constant loads from the ssme sheet. Resulis ere discussed
in terms of dislocation snd recovery thecries.



Vi. THSORETICAL COUEIDERATIONS

It has been pointed ocut (rafs. % and &) thet in geneyal the maximus

allowable permanent set during crecp of structurel elements (i.e., creep
strain) 1s on the order of 0.002 inch/inch. This being the cade, the
structural designer st bave ai his disposal mwihods for analytically
doterninling the smount aﬁ‘ creep strain t0 be expected under perticunliar
craap conditions. This section will discugs some of the work which

has bosn published in. the past dealing with fhe prefiction of creep
strein under both consbant snd verying loeds. Bome considerstion will
also be glven o the mcmm} of oreep snd recovery, baged on
dislocation thecries; the cceonsion will arise 1n the discussion of

exporimental resulis 0 rofer to such theories.

E]

) A. Conatant Stress Creep

S

Varicus empirical expressions have been suggested previcusly
for describing the primary end seconda:
One form suggested in reference 7 is

r portions of aresp curve fomilies.

e = K1 - e™3%) & 29D ¢ {1)

vhere & is the creep etrain, inch/inch
' @ 46 the spplied stress, kel
t ie time, br.
K, 0, o & and n ere constants
Bquation (1) gives good agreement
vhat wowieldly because of the secessity of evalusting five constants.

with experimental date, bul is some
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vhere g i the totel primery creep, iach/inch, sud A and o, eve
congtents. This equation is losdequate st very short timss.
Another expression which bes beon used {refs. 11 apd 13) to peedict
eresp strein telea the form
€ = A oBF gX (3)

where A; B, sod k ore constants. Although eguation {3) agrees well
with experisantal dala in the prisexy and part of the sscondery steges
of wreep, 1% has the disadvantage that finite cresp steain will be
predicted even vhen the stress is sero.

Tha form often used by the BASA end others (veds. 13 and 1&) to

approxinate prisary and gecondery stage orsep is & combipation of
equations (2) and (3)

s & 1B ginh L 5
¢ = & ¢5 ainh % (4)

{cf., vef. 13) vhere
¢ is creep strain, inch/inch
ie spplied stregs, kel
is time, hr.
is & econstant, ksi

® & o a

is a constant, dimensionless
A 1is & constant, hr,"k
opproximate creep data -sutisfactorily in

Bguation (4) has Leen found to

of aresp, sud is the expressiocn



.

used to describe the experimeutal resulds wader comstant load in
this lovestigation.

B. Cyelic Ioed Creep
In the past decade or so the sttention of several investigators
has been turned towerd theoreticsl and experimental etudles of creup
behavior vhen the spplied stress does not rvemals conatent. An excellent
summary of this work is that of veference 4. MNost of the previcusly
published data on creap under ¢yclic Joading is available there, and only
the theories which were used in the anelysis of the present data will
be dealt with here. i
Bince eyclic loading by definition ianvolves chenge in etress snd
repetitive stress applicetion, iunvestigation of the theories of relaxation
and fatigue with regerd o thelr possible epplication %o the cresp |
problem vould seem Teasible {ref. 16). Three such theories are the -
dening lav end the life-fraetion rule.
nine theorv.~ The time-hardening law, based vn the

grocess governs durlog orgep, ststes thad
the oresp bebavior of a metoriel at any stress depends op the time

pd. (See yef. 17.) Thus in figure 1, 1f & cpeep test i performed
at steess op wolil the areep straln resches point A &b time %),
changed o op the eusulng straia rate
will be the seme as thet at point B', wvhers €4 = tp+. The crewep curve
will follow the solid lise segmeat A - B' in figwe 1.
Vsing equation (&) to descrive the family of cresp curves, the time-
alng theory ean be expressed methemstically as follows. lat the

and the stress is then suddenly
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Time

Figure 1.~ Comparison of time-hardening, strain-hardening, and life-
fraction theories for creep.
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creep test begin at stress oy and continue ua%»i;& bime 3. Then
at by
gy w A '&;&k sinh % {3)

The stress is now changed %o up 6nd’the test contimies at gp until
tps AL this time

€ = A 4 otoh ok + A 1% ston 22 . A o, prn 22
G ¥ 9
= a[m" sinh % + (8% ~ 23%) atoh %ﬂ (&)

Bimilarly ot ony stress ¢; and time %y the total accumalsted creep
strain predicted by the ‘ime-hardening theory is

gy al}ﬁ‘ am%* (o - 53%) aﬁﬂx»:é*

x gy
YT 4 (%1 - %?ﬁbl} ainh ‘féi

d
gy o
» L[{%ﬁ? - %}F’) ainh ‘&‘z (?)

assumption thet work-herdentng is the governing

vhen the applied aﬁm&a‘ is changed during & creep test the ensuing

creep rate iz determised by the saount of ereep strain which has alresdy
seourred. (Bee ref. 17.) Thus in figure 1, when the stress is chenged
st point A, creep contimues along the solid line segasmt A ~ B" ab

& rate equal to the oreep rebe at point B, where ¢ = ¢y In
saalytical Porm the creqp strain, after changiog the stress %o op ab .
1 and continving at o w&&l tos in
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% guom O N
gp = A 41" einh ~= + Alty # Obp| slph
ainh%

%o %

i '&3_& sinh %

o |¥
“Afty[——2 ) eate) et (8

wvhare
&g = g » %)

and amﬂm

By
sinh -2
iz the %ime necessary %o sohieve a strain egual to ¢, 8% ama B
Similerly st oy and %y
- . .

¥ (sinh %)Vk + &b (sish %)1/3

ex = A — & Abs| sioh o2
3 % g

mﬁfg El&yk‘%éﬁt@ ammé%#% amlfk%]k {9}

Thue ot any oy &84 g, the strein-herdening thecry predicts n oreep
strain
e al
€ = {‘} Bty sm"/“;"i (10)
Bl

Bote that equaticn {10) iwplies thetb
&by =ty -« B =1
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3. Life-fraction rule.- While the previous theories were originally
uoed for rulawation problems, the iife-{raction rule {somwtimes referred
o as the lincer cumalative damsge lsw) wvas developed by Palmgren

{ndependently by Hiner for use in fadiguve (refa. 18 and 19). The life-
Mamr@memmtmmwmmmm&w
by the frection of wreep life which hag been conswmed. Thus io figure 1
creep will contioue M@M o this thecyy from point A along the
50114 line segment A - B''' parallel to the oreep curve ab point BY™'.
The point B"™' is determined by the egustion
taftpa = tgen/tep (1)

vhers ty; and tpp are the rupture times st o, end op, respectively.

Peveloping equation (4} in & maomer similer to that wmwa hereto.
fore ve obtain * '

a: bt k atp\E ,
wgwﬁtlxam%¢£[@wﬁ+&ﬁg> w(&rg%%)]am% {12)
and
einAtl ainh-&-a-s[@rgm#wg) G;«Q }aintsm%‘v
9%

M ato\k
[(ﬁ-—&*t W‘P&E ( w-tt ‘:):lam-z«z*

k
O
uAt1 am-é;-tﬁ gd ntah-éfg (13}

g

The three theories discussed will be coupared, as they appesr in
oquations (7), (10}, aad {(13), with the dats obtalsed in this investigation.
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These theories are macroscopic in level and empirical in nature. They
give no consideration to the mechanism of creep, or to recovery vhilch

might ccour when the epplisd stress is reduced. Ewamr, since theory
of cresp and vecovery will be of some importence 40 the dlscuseion of

the preseat resulis, s fov genersl comments will be inclufded here.

C. Hechenimm of Creep and Recovery
The copsenscus @f opinion snong aclientists appesrs o be that the
ereep process depeods on the movament of dislocabiocns withis the graine
of the material. Excellent discussions and didbliographies of dislocetion
theory with regerd to the creep phencmeny
and 21. The preeent note is based specifically on the presentation in

are given ln references 20

reference 22, vhich includes » trestment of effects due to sudden chanpes
in creep stress.

i. Dislocation movement.~ It is sssumed that within the grains of

& plastic materisl there ave alweye 5 tumber of Frenk-Besd dislocation
sources, which can be activated to & greater or lesser degree by the
spplication of shear a‘&mm@ of various magnitudes to the crystels

¢ the agmim is made that obstacles of various

or grains. FRurtherm
kinds exist in the paths of the dislocations, and that the stresses
reguired to pass dislocations over oy through an cbetacle sre grester
than the sonrce activation stresses. |

When stress is epplied the dislocations will becone

activated and
Bove amg their glide paths uniil the front dislocation is stopped by
an obetscle. The reglon between the source and the first cbstacles will
continse to £ill up with dislocmtions untll equilibeium iz achieved
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petueen the dislocadions and the applied stress, spd the dislocations
cense to move, or undil the energy of the 4islocstion lime becomee
sufficient for the first dislocabion to overcosme the cbstacle and the

process conbinues, buaily, 12 the applied stress is lavge asnowh,

sulficlient dislocations will be in motion simuwlitanecusly o cause finite
deformation of the specimen.

2. Cregp.~ Primary oreep cocurs in the sanner described sbove.
The application of stress activates the dislocation sources and the
dislecations begin 4o wmove out through the grain boundsries., However,
the deforsmbion taking plmee im the grain bﬂWieﬁ canses the '
voundlaries to be reoriented in positions less favmbla 0 the pasbage

of Lorther dislocations. As o result of this work-hardening

the creep
rate decreases and & lower egquilibrium rate is soon resched at whwh
the aversge mumber of dislocetions per unit area of glide plane becomes
constant, end the sources asbivate dislocabtions at the sume rate st
which the dislocatione leave the glide plane. This is the phoncmenon
known o8 sbeady oreeP.

3+ Qreep swecvery.~ If the specimen is unioeded after steady state
creep hes been established durlng s %est, the immediste dislocaticn
density is such higher then the new eguilibriun density &t sero siress.
Fhe exceas dislocations will be ssnihilated by mutuml ativectiocn or by
driving esch other oul thwough the boundsries of the specimen or beck

jato the sources. In this ssuner the properties of the materisl will
be caused to change, and concelivably reverse creed oould also ocour.

b, Bffect of ange .~ The effects of o finilte incresss or .

decrease in cresd strovs <on be explained in terms of vhat bes bean
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gaid sbove sbout the transient creep and recovery phenoRe

sn increase la stress the dislocatlion sources beadme move active,
resultiog in & considerably higher creep rate witil the materisl is
Cagzain sufficiently work herdensd at the grain boundsries tz:a achieve
the mow equilibrium or steady stals cresp rate.

Woen the stress ls decrsssed the pumiber of dislocations betwesn
eny o cbstacles vill be lerger than the nev equilibrium owiber. Tho
surplus dislocetioms in the region next o the surfave will leeve the
material reather guickly, but t.he:; will cause 8 negligible amount of
strain becsuse they are relatively few in mumber. Bventually the
new equilibrimm dislocation density will be schieved in the outer
region and the dislocabions will ewnblome %0 lseve this region st the
new equilibrium rate. However, uwatil this comdition is resched no
dislocations can leave the pext inner region and eater the outer region,
because the dislocation density there is still above ncrmel for the
applisd stress. When dislocatione begin %o move in the second region,
this reglon is slso oversstursted with dislocations and it will ot be
fod from the third regiop until after eguilibrium is agsin achieved.

Thie process contimms for the regions between every two cbatacles
in turn watil the sew equilibrimm dislocation density is rveached every-
where between the source and the msterial swrface. Thus although each
moving dislocetion trsvels at & rete faster than sormel for the mew

gtress, few dislocmtions oo moving st any given time snd the resulting

creap wtrain is oxtremely ssall untlil steady stabe oresp recommesnces




Unfortunately most of the sathematicsl spalysis which has bean
applied to the calaulstion of straism under verylimg loed creep conditions
bas been on the é@mﬂc Jevel, and is consldered w0 be beyond the
scope of the present investigation., Some ewpirical sethods bave baen
developed for special omses {e.g., ref. £3), iiWi‘- they & BoL appear
to be readily spplicable to the tasis reporied berein.



Vil.

A. Specimens
Pifty tensile test blanks were cut from e shewt of 208473 alumimus
slloy of 0.125 inch nominal thickness. The leugth of blauks was 25 inches,
oriented in the rolling direction of the sheat; they were 1.00 inch in

width, The width of esch epecimen wes reduced to 0,500 inch along e
2,00-inch gage length in the middle section. The specimems were carefully
od ond the aversge aress in the gage length vers tabulsted.

{8ee table 1.)

Tuo creep besting rechines were used in this investigation., The
machine used for the mejority of the constent load creup tests is &
conventional dsad velght bems-loading type of creep testing machine.
The second is a beumeloading machine designed and built at BABA
(£1g. 2) and equipped to apply loads to the specimen using either a
weight cage, s hkydranlic cylinder or both. Thie mechine vas used to
porform siress-sirain toste and creep tests upder oyelic losding.

The furnsces installed in both testing mechines are sutomatically
contralled, and are capable of msintaiping the test tesperature of
400° F with an accwrscy of $2° ¥, The tengersture gredlent over the
goge length of the specimen during all tests was less than 22-1/2° p,
the accuracy of the tempereture racorders wsed for the program.

The extenscmeter used to messure stroin is shown i figure 3. It
consiste of two mieroformers meunted st one end of pivoted strain trensfer
asometer rods clsmped to the upper end lower gage pointe

Qevices.



TABLE 1. AVERACE CAGE-LANGTH ARBAS OF TEGT CPECDMENS

Specimen no. Aves, in.© cimen no. Ares, in.®
i 0.0627 26 0.0626
2 0685 27 D615
% L5685 28 L0023
ir) iw }@ ‘362?
6 Oia8 T 31 0629
8 0630 33 0625
9 * « 5’2* -W
10 0625 35 L0528
11 JO5R% %6 «62%
12 0Bk .57 G625
13 L0825 - 58 0628
1h L0625 39 o527
15 623 D680
16 OOR0 &3 L0626
17 L0686 ha +0530
8 062k b3 ~0628
15 0625 bh 0527
20 »0628 45 0626
21 L0625 &6 0622
2 L0628 &7 0619
a2k L6585 by L0685
25 Re &7 50 L606
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Figure 2.- Variable load creep testing machine. L-59-7943

o
e
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Figure 3.- Extensometer mounted on test specimen. L-85104.1
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on the specimen rest in small boles ab the othor end of the transfer
devices. One streis transfer device iz instelled on either side of
the specimen eo that sbeain resdings csn be elecirically ﬁvémgeﬁ
and thus eny bending effects climiseted. In this woy elusgation of
the toet specimen is trensforved from the .8ze polnts through the systean
to the microformers, which mmeasuve the relative motion of the geue
points. Strain resdings from the microformers vere recopded puto-
gravhically on & provicualy celibrated time-drive recorder. This
recorder aypesrs on the right in the photogreph of the coptrol snd recovding
equipment of figuve b.
The systes dlegram of the losd progreming

eguipment used for
controlling cyclic loads eppesrs in flgure 5. Fhe pyogramer is fed

by & l2-voli de Hobatron pover supply unit and contains teun channels
with vhich it can gombrol from one 0 ten siep loeds per oyole

{1laft center in f£ig. %). Dach chamnel %o be used is set prior o

the test et the selected lued and time dureticn. The duration of esch
step in the eyels can Lz verled from 0.1 mioude Lo 99.9 almtbtes.

The cycles sey be repeiitive, and vapdom cyeling can slso be progromed.
An edditional chaomel is svallable for the purpose of conducting stresoe
shrain tosts uvelny the some oguipmend.

The losd programer conirols a Hoog exm«mram&h: gervovalve,
which operates 8t & presswre of 1500 psl and has a capacity of seven
sallons/minute. The mamlw is mgmplied by a five gallons/ainute
2000 pel cepaclity hydreullc pusp, end input pressure 1o the éewwa’.’!.va
ie meintained at 1500 psi by o pressure control valve. During operstion”
the servovalve recelvey an slectric sigwl fron the prograser through
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Pressure control y
velve Filter I MZZA
$ O
‘ Servo-
valve Hydraulic
—r—4 cylinder
O O
|
. . Spring—
Mamual Controller dashpot
Load . — — - control A | system
rogrammer nuro
2 station
Load
Load indicator pell
and recorder — T T T T T T
Mechanical link
— —— ==+ Electrical link
Test
———QO— Hydraulic link specimen
7

Figure 5.- System diagram of the load control system.
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the controller, and trancforme it imio @ pressure difference acxross
the piston in the hydraulic loading cylinder, which applied loed
taﬂaetest specimen. In order to allow a greater oll flow in the systen
for a finite change in lead, a mechanicel spring-dashpot systenm vas
installed in series wilh the loading cylinder.

The major Gravback of the load prograning system used ie the lack
of subtomatic feed-back and comparison networks between the losd celd
andt the comtroller. However, freguent momnitorimg of the autographic
loed recorder and mamanl adjustment of the load settings on the programer
p&rm;& control of the loed levels 21 percent of the desived values.
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YI1I. TEST PROCEDURE

All tests vere performed et o tempereture of B0" P, aud each
creely speclmen was oxposed o the test tespersbure 0.5 hour prior o
the application of load. The test equipment vas enwrgized at lesst
45 minutes before the begimming of each test, in urder o allow ‘
cogponents in the verious electrical clirouids %o wora up, ad to permit
the oil in the pup reservolr Lo reach the stable opevating temperature.

5. Stress-Birain Tesis

Matericl sirese-strein tests were performed st 400° ¥ over the
ranse of exposure tlwes covered by the ensuing oreep tests. Tests were
conducted at the following exposure times: .0, 8, 3, 20, and 50 hours.
The specimens used in thege tesis woere sxposed for 0.9 bour less than
the required exgosure times in 8 large sunesling furpace. The last
2.5 hour of exposure to lemperature occoumrred with the specimens in
the testing machine lzmedistely pricy to performing the test. Ioad
and stralin were recorded simltencously during esch test with a ¥iller
pecillo raph.

B. Constont load (reep Tests
Teenty-tve specimens wers subjected to comventional tenaile creep
tests in order to obbtaln a cosplete set of constant load oreep dals.
Such oreep resulis wore ngcessary for purposes of compayison and
caleulgtion for the warying lood creep testo. At least twe tests
were conducted at esch siress level over a mge' of strssses from
10 ksl to 50 ksi. One test uss also performed wnder 55 ks! applied

gtyess, bab o strein recurd was meds.
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#ogt of these tests were conducted in the conventional creep
testing machine, vhich operates contimuously. Several tests, however,
vere porformed using the other testing machine. This sachine cmanot
be operated continuously smd it vas necewsary O wslosd apd cool the
specinsa at the end of eachk day. The effects of this overnighs ‘aim.u
down were compared with datm obtained from the cosvestionsl Sesting
sachine.

Because af' the long times insvolved, creep tosbs performed abt low
straseee {1.e., 25 kui and below) were not prolonged until ruptwre
ocourred. These tests wers discontinued efter appracisble creap stvain
had been recorded.

€+ Varied loed Creep Teste
Btresses and times ab stress per oyels for the varied lced creep

teste mmmm in teble 2. Stress levels between 30 kel snd 45 kel
W@Wf@rmm&amwwm@em&mﬂﬁmr@m@h
times. The tesis conslisted of repetitive oycles of equsl m«zma with
either two or three distincd step loads in each cycle. Under each
stress-time condivion investigated at leust one test was performed

with the loud steps in ascend

ng order in the cycle, and at least one
test in the opposite order. This procedure afforded s direct indicetion
of the influence of the order of stress application on the creep
behavior of the meterial. |

Severel areep ltests were conducted using two losd levels and
essentially one leading cycle. After exposure of the specimen to the
test tempersture of 400° F for 0.5 hour the fivet stress vas spplied
ueing dead weight loading, and the test vas allowed to proceed umtil
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CYCLIC LOAD CBERP TEDTS

{o} Singie~Cycle Testa

31 &G 4.0 45 10 rupbure
32 b 1.3 ko to rupture
3% 43 1.1 4Q “w rupture
34 0 0.9 ho o rupture
35 56 L0 30 o rupbure
36 50 5.0 3 to rupture
37 %0 8.9 20 %o rupture
{b) Two-Step Multicyclic Tesis

Ho. @1, kei Oy, be. on, kei Abp, hr.
58 51,3 100 Y.5 .00

59 b6, % S 100 §1.3 L300
40 %1% +A57 86,3 SOhS
i1 b6, % ~OB% 1.3 157

kg 3343 200 53.3 200

43 1.3 200 %1.3 200
5k 51,5 527 b1.3 OT5

b5 51,3 073 513 927

{c) Threce-Step Maliicyelic Tests

"o, AF) ki ﬁ%l; By L30T Eai &2) b ‘ﬁﬁp kai &t’}; Y.
b 313 0. 200 36.3 0.200 §1.3 0200
ii‘? ’ &'li‘&‘ tm Eﬁ'#’ 1%@ §1¢£‘ nm
3 3343 130 36.3 212 53,3 058
by 3.3 TR 3%6.3 .22 5.3 058
40 41.5 058 5.3 212 31.3 T30
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approximately balf of the rupture time at the spplied stress bad elapsed.
Waeights vere then added or removed as regquired to aschieve the second
stress, sod the test contimued st this losd level until rupture of the
tost specimen ccourred. These tests were performed in the convemtiomel
testing machine, and contimued uninterruptedly until failure occcured.
This type of test wil) be referred tv e single cycle tests hereafier.

| The majority of the cyclic losd creep tests were performed in the
other testing machine, using the load programing equipment., This
enteiled unloeding and cooling of the epecimen st the end of each day

of testing.

The stress oycles wsed were of such duration thet wany cycles were
necessary before failure occurred. Two types of load-time histories
wore used: egual time cycles, im which the duwrations of aspplication of
all load eteps in the gycle were equalj and equal dammge ¢ycles, in
which the lemgth of time at any iced wes such that the retlo of the
time per oycle spent at thet losd fo the constant Joed rupture time

at that load was approximately & constant for all lozdas,




&» Bireps-Birain Beoulds

The resuits of the stress-sirain tests sre reported in %eblse 3
and the stress-strain cwrves are shown in Figure 6. L1%%le need be
sald concerning these date other thon thal the material dswonst
gradusl strengbhening vwith exposure with s pesk yield stvength at sbout
two hours, followed by the oversging charecteristic of 202473 aluminus

alloy st elevated temperatures. The short time materis) properties of
the shest wore in good agrecsent with mely published dats
{cf. the coupression test resnlis of ref. 24).

B fonatant Stress Creep

Crecp and rupture dota sre given in teble 4 ; end creep straln is
plotied sganinst biwe in Pigure 7. The effect of unloadl

g and codling
overaight during o test proved to be negligible.
ﬁﬁwmmmﬁmﬁm?%%t%mgmwwwk&w

oximately the same slope on & logaritimic plot; uwalil creepestirain
values of spproximately 0.005 imeh/inch have been schieved. This suggests
that equation {4) should £it the crepp dats satisfectorily. The constante
in equation {5) were evaluated and the mg expression vas found to be

¢ = (6.8 x 2071 2 gipn = (a8)

Biresses apd rupture times for the creep tests are plotied in
figure 8, By crossplotting figure T as stress sgaimst time for varicus
consteant creep straine, it is found that the resulbing curves are pavallel.



TABLE 3.

STRESS-STRAIN DATA

Ho.

W@@e Hime, hr.

Young's modulus, psi

Yield stress; psi

(el T EA RO B

0.5
Ced

Sk x 100
e

L3

-

e

»

k.9
54,7
- 51.3
43,8
L2.6

-

EES
CoNG

®
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60

50

/

ksi ) ////
/

NN

Exposure
time, hr
0.5
2
5
20
20 7
///////////__50
10
0
fe—.002 —»

Strain

Figure 6.- Experimental tensile stress-strain curves for 2024-T3
aluminum-alloy sheet at 400° F.
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LE 4. COHETANT 104D RUPTURE DATA

fo. gy ksl Rupture tiazm, Br.

g i Test stopped et P0.00
0 o Test stopped at 150.00
11 10 Test stopped st  46.00
ie 13 Test stopped at &0.00
i3 15 Test stopped st 33.00
1k 20 Test stopped at 66.00
15 20 Test stopped at 45.00
16 25 Test stopped ar  33.00
g o) Test stopped at  $3.00
18 25 Test stopped at  30.00
i3 23 10L.00
20 30 $%.90
21 35 62,40
e2 35 24,00
2% 40 £.50
24 ) 2.40
&5 L5 1.33
20 b5 2.18
27 X 0.9%

&8 50 1.5
29 >0 72
30 5 .16
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e

This implies that en expressiocn of the form of equation (&) can be used

o descrive the rypture carve; a8 well gs the creep curves of the materisl,
if the axyf@rczgariaw value for & Iis substituted. IP the areed mupture
strain 15 aspusmed to be & comstant {cf., fis. T), the rupture curve

-gxpression is of the forn
€ = At olab g {13)

vhere 4p is creep strain et rupbure (e constant), % 18 rupturs iime,
&' iz the mev constent in eguation (1h), end the cther sywbols arve es
before. Solviang for ruplure time in terms of stress

tp = z:jsml/k @%) {16}

where
¢ = {ep/a? }lfk

Thus in the cage of figure 8
tp = 1.2 x 20*/sinh® ;—%) {17}

We will have veeagion 0 refer to this equatlion sgnln subseguently.
The oreep curves of figwre § were plotted using equation {14) for
the straight line portion representing the primsry and secondary crosp
stoges, and equation (17) for the failuwre polnts. The curved portions
of the curves were spproximsted by referrving to figure 7. The dushed

line segments represent extrapolation beyond

the xan.e of the ssperimenial
regulba.
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C» Crecp Under Varied loads

i. Creep strain.~ 7The results of the cresp tosts under varied loads
are presented in figures 10 throwdh 2%. In each cese the constant sivess
creep curves for the stresses involved are replotied from figurs 9.

Figuves 10 snd 11 shov the resulvs of the single cycle creep teste.
The point st which the iced was chenged is apperent in ecach test. An
increase in stress was merked by & large incresse in strain rabe, snd
failure of the specimen wee imminent., On the other hand note that
& decrease in stress ceused considersble delay of the creep process in
every case. In every single~cycle test in which the higher loed ves
epplied firat, fallure occurred wach leoter than would have besn expscted
kad the lower stress been applied througbout the entive test. The high
lcad was epplied for three different times during test mumbers 35, 36,
end 57 (fig. 11) in order ta.ehov bow the recovery rate is sffected by
tine.

Ho attempt was made to predict creep strain during the singleecycle
tasts by using tm various theories discussed ebove, becsuse the point
of load chenge was genersally beyond the reglon in which the creep
equation used {eq. {14)) resscnably describved the creep cwrve fomily.

The results of the multicyclic creep tests are shown in figwres 12
through 2k. Plgures 12 through 19 comtain the data obtalned from tests
in which two strass levels were used; mmmw@m
regulis from the three-ated tests. Dashed Waé have peen drawn through
the experimental points for each test %o indicate the gemeral trend of
the teat.

Each of the mmlticyclic ereep fests was compared vith time-harder}ing,

ing and life-~fraction Shwories as represented by
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equations {7}, (10), and {13). These equaticns are repested here
with the values of the copstands introduced for ecase of reference.
Time~-bardening theory:

e, . _
es = (6.8 % 10°9) ) ’:{tglfa - tae1/?) stmn 75%] {28) -
feniay theory:
1 1z
a1 = (6.8 x20°0) V) aty stan® = (19)
%f,i A
Life-fraction rulet
wei /2
" o :
g€y = {6.8 % m”§)ﬁ11/2 sinh g:?.g % {5.8 x w*f‘} ) %1/& -
e / o)
ﬂﬂ;ﬁ"“l g\ Sp
:} e | ginh s {%3
Lend tm 9‘§
nel,

In the light of equation (17) for the ruptuve times %, certain
podifications cen be msde in equation (30). Writisg equation (40)
more fully snd sgubstitutiog for the rupture times from equation (17)
ope obtains
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2
2 o 3/
Sink" e
= (6.8 x 107} t;_lla sinh .f.?; + || &8y ——-15 RN &ko -
9.3 sink? 2
93
en\1/2 . o
st L | sinh® — sinn® 2 /2
2ty 2:3 sinh 2. + | [aty 223 4 Mg 2D b B3
einh? s . ainh? 2. simh® 2.
9"§ . gg
2
ginn? 3. stoh® L Y
pinh® o2, pink® <2 9.3
. B

/e
= (6.8 x 10°9)(8; /2 paan % + [@m aw@ S+ &g sinn? a) -

3./@
1/2 geom S1 | 4 /s 2 % 2 % fé.
&‘tﬁl ”mﬁ.ﬁ}’ [@mm 95«&&&@ sink 934»&1;3 sinh®
(&ﬁ; sinh® g‘%- + Atp sink? n;-%) :l + etc...

2 O1 o o a2
» (6.8 x 10°7)(a%; simn® —2 & Atp am&-m-é ves # &%y sinh® %

D3 93 Ga3

=i 1/2

= (6.8 x 1073 ) atnazmi’g} (21)

Equetion (21) 1s identical with equation (19), which indicates that the
strain-hsrdening and life~fraction laws are identical within the range of
stress where both eguation (4) for creep strain and equation (19) for
rupture otraln apply (of., the "K'~factor method of refs. % and ).
Theoreticel values of creep styain are plotied sgainst time in
figures 12 through 84 with the aid of equations (18) and {19 wp to a
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ereep strain of abowt 0.008 inch/imch. Beyond this value of creep strain
eguation {5) no longer describes the basic cresp curves accurately and
therefore equations (18) and (19) cannoct be spplied beyond thet strain.
Strains predicted by the theoreticsl results were conservative in every
cage, being more 50 in cases vhen the high stress wes applied before
the lower slrecses,

The effect of creep recovery apperently comtrolled the rate of
creep wntil @ strein of approximetely 0.0025 inch/inch had oucurred,
the effect being stronger vhen the high loads were applied first. A

strains grester than 0.0025 inch/inch the strein rate d until

failure of the specimen occourxed.

&2. Creep rupture.~ 7The experimental oreep curves of figures 12
through 24 end at the point of specimen rupture. The time at which
failure ocourred in each test is recorded in table 5. In most of the

,mm ioad tests failipe ocourred beiween the failure Limes of the
largest snd smellest stresses spplied during the test; end no consistent
difference in fallure times could be found depending on the order of
spplication of losd. ‘The exceptions were the single cycle tests in
which the higher stress was epplied first. In such cases rupbure always
oocurred well bsyond the rupture time of the lower stress applied during
the test. As haz been polinted ocut previously, this delsay in mplure

time wvas csused by the recovery phenomenon which begsn 4o fumction when

the load wes refuced.

A methed for predictisg the rupture time of & epecimen under verying
1l0ed cresp thm is desirable. Bince every wﬁéﬁ load crecp test
pongesses & distincd mtm time. en sguivalient rupture stress may be
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TABLE 5. RUPFUERE DAY FOR CYCLIC LOAD OB

s gy kol Bapiure time, by
51 ke, 580
32 B1.3 18.00
33 41.3 25,70
34 5k 50,57
35 52 211,70
36 33.3 38750
% 3,8 - 115.30
= b5 2.58
ko 45,0 3,53
bl 83.0 b,58
ha 386 13.95
&3 58,6 14.05
R 333 G o9k
W5 33,3 29.0%
& 3749 13.01
W7 38.0 k.45
48 Bh.p 22,95
L 3h,2 23,95
50 3h.2 30.08
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defined vhich is egual to the strese witich when spplied continuously
would conse failure ot the seme tise. Oreap rupture dsta obtained et

_ eonstant stress could then be used to deteraize rupture tive under

verying loads.

Brpressions for the csiculation of the eguivelent rupture stress
from the load-tims eysle chevacteristics of varied loed creep teats
csn De derived sa follove by wsing the life-fraction yule. This rule
stotes that fellure ocours vhen

?mwi {e2)

{sen equation (11}). The time at which equation (22) 1s satisfied is

|
“;i“

Since fallure must coour vhile stress oy s applied, A%, 1s nob kown.
However, from eguation (82)
-1
Ay = tpyl 1 - L Te (24)

vhich when substituted into eguation (25) gives o ruptuve time of

Ma«l m~1

) Bty + by (1 A @;;

i“l "r
. %é i ) * by (25) -
pres |




o

« B} -

Substituding for Gy, in equation (83) from equation (16) one cbtains

tr e Blg (1 - o (aﬁ)
ned sinhd/% e
caloulated varfed load rupture time is
tr = ¢/atand/2 ‘:ﬁ (&

By combining eguetions (26) and (27) the equivmlent rupture strass csn
be conputed from the formlas

_ &
¢ aimp™/e 21
sinh 28 « | o {e8)
: % . uolel . - ‘
). mm‘ﬂ% - mlf"%,*@
| o=l 3 i

In the case of the single cycle tests reported herein, for which
only two Jond levels wére used, eguation {(28), with the values of the
ite substituted, becomes

, &
atnh ~& o gion 2 1.8 00 {2)
9.3 2.3 .

m@mﬁ%@-mag%) + (1.2 x 20%)

It will sov be shown that an expression for the egquivalent rupture
stress vhich is slmpler than thet of equation (28) mmmﬁﬁw
émiﬁwﬁi@n of the gycle chavescteristics in & repeated cycle test. Por
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the purpose of this derivation it must be sssumpd that Pallure of the
specimen occurs st the end of ume of the cycles. This assunption

introduces very iittle ervor if many cycles are required to cause

failure. In the case when the sssumption is valid, equasion (23) csa ve
expressed a8

T

te =B ) By (30)

wel

vhere K is the number of cycles snd | is the mumbe of load gteps

per cycle.- Bguation (22) can now be expressed es

7 ® ‘> %‘”“‘" = J (53')
e S
8o that equation (30) beeomes
-y,
tre ) . ) (32)
Julier 3 e 1
mel, el

. ) oty {33)

Then by combining equations (33) and (27) the resulting exyression for
computing equivelent rupture strosses ls

(5%)




o
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Subgtituting for the constents X and o, in equsticn {34) one obtains

e /2
Y Bty s1ab® et
Op o 93
315% 73 ) (35}
? Ay
wal

Experimentally determised ruptuve tises from the veried loed creep
tests are presented in table 5 and plotited in Tiguwre 25 sgainsd equivalent
rupture stresses celculated with the aid of equations (29) and (35).

The solld line in figure 25 gives the valuee of rupture time predicted hLy
equation (17). As in the case of the constant stress creep rupture date

(£i5. 8), agresment
with the exception of those single cycle tests in which the higher stress

betwear predicted snd experimental values 1s good,

was applied firet. BHobte, howsver, that the lstter test points fall in
& line parallel to thet csleulated from equetion {17).
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X. CONCIUBIONS

Materials data have boen presented on 208L 7% alumine-allay
sheel in tension at 400° ¥, including the vesulits of creep tests under
eccnfiitions of verying loads. Three theories, namely, a tise-hardening
law, o strain-he lew, and o life-fraction wule, have been applisd
to predict the amount of primary and sectndery creep stvain to be expected
ueder varying loed conditions, and were found to gilve consarvative values

in every csee investigated. This was due o the fact that the mechanlem
of creep yecovery, which ects when the epplied stress has W Seoreasod,
stely 0.002 inch/ineh

!

was dominant in the range of inberest (up to epproxim

creep strain).
dening and life«fraction theories were shown Yo give

identical resalts iF the empirical expression deseribing the primary end
steges of the constent Joad creop curves and that describing

the oreep sbrain at rupture ayre of the same Dorn.
An eguation vas developed using the life-frection rule by which s
squivalent rupture stress cea be calculated for creep tests under repested
ayelic losds., Creep mpbure times were prodicted with satisfechory
scouracy using the eguivalent rupbure stresses and the cresp rudlure
The regults appesr to be iludependent of the order of losding i
many load cycles are reguived o fall the specimen. Tn the csse of
single cyale beste the equivalent stress method proved eatisfactory whea
the tests wevre begun at the lower stress; the medd

of was very conservablve
vhen the opposite ordey of loading wes spplied,



‘The resulie of this investigabtion show thet such sore must ba
learned concerning the mechanism of creep and in particular creep
recovery before the latler ¢an be applied guantitatively to belp solve

provlens of this nature on the enginesring levsl.
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